Background: Bioprospecting key genes and proteins related to plant biomass degradation is 24 an attractive approach for the identification of target genes for biotechnological purposes, 25
especially genes with potential applications in the biorefinery industry that can enhance 26 second-generation ethanol production technology. Trichoderma harzianum is a potential 27 candidate for cellulolytic enzyme production. Herein, the transcriptome, exoproteome, 28 enzymatic activities of extracts, and coexpression networks of the T. harzianum strain 29 CBMAI-0179 under biomass degradation conditions were examined. 30
Results: We used RNA-Seq to identify differentially expressed genes (DEGs) and 31 carbohydrate-active enzyme (CAZyme) genes related to plant biomass degradation and 32 compared them with genes of strains from congeneric species (T. harzianum IOC-3844 and 33
T. atroviride CBMAI-0020). T. harzianum CBMAI-0179 harbors species-and treatment-34 specific CAZyme genes, transporters and transcription factors. Additionally, we detected 35 important proteins related to biomass degradation, including β -glucosidases, endoglucanases, 36 cellobiohydrolases, lytic polysaccharide monooxygenases (LPMOs), endo-1,4-β-xylanases 37 and β -mannanases, in the exoproteome under cellulose growth conditions. Coexpression 38 networks were constructed to explore the relationships among the genes with corresponding 39 secreted proteins that act synergistically for cellulose degradation. An enriched cluster with 40 degradative enzymes was described, and the subnetwork of CAZymes showed linear 41 correlations among secreted proteins (AA9, GH6, GH10, GH11 and CBM1) and 42 differentially expressed CAZyme genes (GH45, GH7, AA7 and GH1). 43
Conclusions:
The coexpression network revealed genes with strong correlations acting 44 synergistically to hydrolyze cellulose. Our results provide valuable information for future 45 studies on the genetic regulation of plant cell wall-degrading enzymes. This knowledge can 46 be exploited for the improvement of enzymatic reactions to degrade plant biomass, which is 47 useful for bioethanol production. 48 agriculture as biocontrol agents due their ability to antagonize plant-pathogenic fungi and in 75 industry as producers of plant cell wall-degrading enzymes [11] [12] [13] [14] . In addition, Trichoderma 76 species are easily isolated from soil and decomposing organic matter [15] . Within the 77
Trichoderma genus, T. reesei is the most intensively studied species [16] . T. reesei is a well-78 known producer of cellulase and hemicellulase, and due to the high effectiveness of the 79 synergistic cellulases in this species, it is widely employed in industry, as technologies for its 80 use and handling are based on seventy years of experience [8, [16] [17] [18] [19] . However, studies on T. 81 harzianum strains have shown their potential to produce a set of enzymes that can degrade 82 lignocellulosic biomass [20-23]; therefore, T. harzianum strains are being investigated as 83 potentially valuable sources of industrial cellulases [6] . 84
The identification of carbohydrate-active enzymes (CAZymes) that act synergistically 85 under biodegradation conditions [4] has the potential to improve the enzymatic hydrolysis 86 process by optimizing and reducing bioethanol costs. The CAZy database (www.cazy.org) 87 classifies CAZymes into six major groups: glycoside hydrolases (GHs), glycosyltransferases 88 (GTs), polysaccharide lyases (PLs), carbohydrate esterases (CEs), auxiliary activities (AAs), 89 and carbohydrate-binding modules (CBMs) [24] . CAZymes are extensively used for the 90 genetic classification of important hydrolytic enzymes [22, 25] . 91
The conversion of cellulose to glucose involves the synergistic action of three 92 principal groups of enzymes: endo-β-1,4-glucanases ( [26, 27] . In addition, a number of auxiliary enzymes are involved in 97 this process, such as lytic polysaccharide monooxygenases (LPMOs), cellulose-induced 98 protein 1 and 2 (CIP1 and CIP2) and swollenin, which can increase the hydrolytic 99 performance of enzymatic cocktails used in industry for bioethanol production [6, [28] [29] [30] . 100
As genetic variation occurs within species [31, 32] , understanding and exploring the 101 genetic mechanisms of different T. harzianum strains can provide valuable information for 102 industrial applications. In the present study, we analyzed the enzymatic activity, 103 transcriptome and exoproteome of T. harzianum CBMAI-0179 and compared them with 104 those of other Trichoderma strains (T. harzianum IOC-3844 and T. atroviride CBMAI-105 0020). RNA-Seq analysis was performed to construct coexpression networks, providing 106 novel information about the potential of this T. harzianum strain for biotechnological 107 applications. Our findings provide insights into the genes/proteins that act synergistically 108 in plant biomass conversion and can be exploited to improve enzymatic hydrolysis and 109 thereby increase the efficiency of the saccharification of lignocellulosic substrates for 110 bioethanol production. 111
112
Results 113 114
Transcriptome analysis of Trichoderma spp. under cellulose growth conditions 115
The present study represents the first deep genetic analysis of Th0179, describing and 116 comparing the transcriptome by RNA-Seq under two different growth conditions, cellulose 117 and glucose, to identify the genes involved in plant biomass degradation. Reads were mapped 118 against reference genomes of T. harzianum (PRJNA252551) and T. atroviride 119 (PRJNA19867), generating 96.3, 111.8 and 133.3 million paired-end reads for Th0179, 120
Th3844 and Ta0020, respectively. To establish the degrees of similarity and difference in 121 gene expression among strains and between treatments, a principal component analysis 122 6 showed clustered groups with higher similarity between treatments than among strains. The 124 transcriptomes of Th0179 and Th3844 were more similar to each other than to the 125 transcriptome of Ta0020 ( Fig. 1a ), showing that it is possible to capture differences among 126 the three strains. 127
Venn diagrams of the genes exhibiting expression levels greater than zero were 128 constructed based on the similarities among the genes from all strains, thus showing the 129 species-specific genes expressed under both conditions (Additional file 1: Fig. S1 ). Through 130 the transcriptome analysis of the strains, we identified 11,250 genes exhibiting expression 131 levels greater than zero under cellulose growth conditions and 11,235 genes exhibiting 132 expression levels greater than zero under glucose growth conditions. The number of genes 133 shared by Th0179 and Th3844 was higher under both conditions than that shared by either 134
Th0179 or Th3844 and Ta0020. Th0179 exhibited the highest number of unique expressed 135 genes, with 374 and 168 unique genes under the cellulose and glucose growth conditions, 136 respectively. Among these unique genes under cellulose growth conditions, we found major 137 facilitator superfamily (MFS) transporters (THAR02_00234, THAR02_00911,  138   THAR02_03251, THAR02_03935, THAR02_07021, THAR02_07705 and  139   THAR02_07942) , an ATP-binding cassette (ABC) transporter (THAR02_09958), a drug 140 resistance protein (THAR02_04837), a fungal specific transcription factor (TF) 141 (THAR02_07743), and a C2H2 TF (THAR02_11070). 142
Among the genes that were upregulated in cellulose conditions relative to glucose 143 conditions, 219 were identified for Th0179, 281 were identified for Th3844, and 718 were 144 identified for Ta0020 ( Fig. 1b and Additional file 2: Table S1 ). We validated the in silico 145 analyzes using a subset of the DEGs under cellulose or glucose growth conditions for all 146 strains through an independent technique, i.e., RT-qPCR (Additional file 3: Fig. S2 ). 147 7
CAZyme identification and distribution in Trichoderma spp. 149
For CAZymes important in the degradation of biomass, the set of CAZymes was 150 identified by mapping all of the proteins of T. harzianum T6776 and T. atroviride IMI 151 206040 against the CAZy database using the BLASTp search tool. Based on the filtering 152 criteria, a total of 631 proteins were retained as CAZyme genes for T. harzianum, which 153 corresponds to 5.5% of the total 11,498 proteins predicted for this organism [33] , and 640 154 proteins were retained for T. atroviride, which corresponds to 5.4% of the total 11,816 155 proteins predicted for this organism [34] . 156
Considering the DEGs under cellulose growth conditions and using the established 157
CAZy database, we found 35, 78 and 31 differentially expressed CAZyme genes in our data 158 ( Fig. 1b) for Th0179, Th3844 and Ta0020, respectively. We identified the main CAZyme 159 classes (AA, GH, GT, CE and CBM) and their contents for all strains (Fig. 1c ). The Th3844 160 strain presented the highest number of classified genes from the AA family, a high number of 161 CBMs and twice the number of identified GHs found in the two other strains. Strain Ta0020 162 presented a higher number of genes from the GT family than Th0179, which exhibited a 163 higher number of classified genes from the CBM family than Ta0020. The differences 164 regarding the specific CAZyme families for each strain are shown in Fig 
Functional annotation of T. harzianum CBMAI-0179 in the presence of cellulose 218
The first functional annotation of the expressed genes under cellulose fermentative 219 conditions for Th0179 was performed based on GO terms ( Fig. 4) . A total of 7,718 genes 220 were annotated, which corresponds to 67.1% of the total 11,498 genes predicted for this 221 organism (T. harzianum T6776) [33] . Under the molecular function category, catalytic activity was the main annotated function, with 3,350 identified genes. Other functions that 223
were enriched under this category were hydrolase activity, nucleotide binding and TF 224 activity, with 1,111, 899 and 277 genes, respectively. For the biological process category, the 225 main functions were metabolic process, with 3,607 genes, and cellular process, with 2,575 226 genes. In addition, within the biological process category, 574 genes were identified as 227 associated with transmembrane transport, and 66 genes were identified as associated with 228 regulation of catalytic activity. Compared with Th3844, Th0179 presented 163 more genes 229 related to catalytic activity, 53 more genes related to hydrolase activity, and 15 more genes 230 associated with TF activity but 10 fewer genes related to transmembrane transport, 231 suggesting that these two strains have developed different functional regulation. Ta0020 232 presented fewer genes related to any of the above functions than Th3844 and Th0179 except 233 for TF activity, for which Ta0020 had 53 more genes than Th0179. 234 235
Exoproteome and RNA-Seq data correlation of T. harzianum CBMAI-0179 236
Once the transcriptome was characterized, we analyzed the secreted proteins 237 identified in the exoproteome profile of T. harzianum CBMAI-0179. A total of 64 proteins, 238 which had been secreted and were present in the culture medium after 96 h of fermentation, 239 were detected in the extracts. Of those, 32 proteins were present in the cellulose aqueous 240 extract (Table 2) , 12 were present only in the glucose aqueous extract, and 20 were present 241 under both conditions (Additional file 5: Table S3 ). Among the 32 secreted proteins detected 242 using cellulose as the carbon source, the main CAZyme families observed exclusively in this 243 supernatant were among of the most important families for cellulose and hemicellulose Table S3 ). 257 [Insert Table 2 A subnetwork was generated based only on the secreted proteins that were present in 284 the cellulose aqueous extract and that had corresponding genes in the coexpression network 285 ( Fig. 5b ). This subnetwork exclusively represented the genes and their closest related genes 286 that are correlated to the proteins secreted. It was composed of 713 nodes and 6,124 edges, 287
including the 32 genes that encode the secreted proteins. In this subnetwork was also 288 identified 39 DEGs under cellulose growth conditions, 8 DEGs under glucose growth 289 conditions, 6 CAZyme genes related to cellulose degradation and 1 CAZyme gene under 290 glucose growth conditions. Among the CAZyme genes under cellulose growth conditions, the 291 GH1 family (THAR02_02251 and THAR02_05432) with β -glucosidase activity, the 292 GH7/CBM1 family (THAR02_08897) with cellulose 1,4-β-cellobiosidase activity, and the 293 GH45/CBM1 family (THAR02_02979) with cellulase activity were found in this 294 subnetwork. Despite the different functions of the related genes, it is predicted that these 295 genes participate in the genetic regulation of the detected CAZymes/proteins and are 296 important to the regulation of the hydrolytic system. The cluster analysis classified 11,102 genes in 84 clusters (Additional file 6: Table  298 S4). We identified an enriched cluster composed of 196 nodes and 2,125 edges ( Fig. 5c and 299 Additional file 6: Table S4 ) containing the greatest number of CAZyme genes among the 300 clusters. Of the 12 CAZyme genes detected, 7 corresponded to the secreted proteins detected 301 in the cellulose aqueous extract, and 5 were differentially expressed. In addition, we 302 Trichoderma spp. are capable of degrading both fungal and plant cell wall materials 330 [45] . In this study, we chose to investigate species of the genus Trichoderma because this 331 genus is a common soil and wood-degrading fungi distributed worldwide [46] [47] [48] , is easily 332 isolated from decomposing organic matter and soil [49] , and harbors great potential to 333 produce enzymes that degrade plant biomass [10, 12, 22]. We selected two strains of T. 334 harzianum (Th0179 and Th3844) and one strain of T. atroviride (Ta0020) to capture 335 differences among strains. 336
Through the transcriptome analysis, we identified the DEGs in all strains (Fig. 1b) , 337 and even though Ta0020 presented the highest number of identified DEGs, this strain is less 338 efficient than other Trichoderma strains at degrading plant biomass. T. atroviride is mostly 339 used as a biocontrol agent and is among the best mycoparasitic fungus used in agriculture 340 [34, 50, 51] . Although the T. atroviride strain produced 31 differentially expressed 341 CAZymes, they are less efficient enzymes for plant biomass degradation with lower 342 expression levels than T. harzianum, since it was observed to harbor only one gene with 343 cellulase activity from the GH5 family (TRIATDRAFT_81867) and only one gene with 344 hemicellulase activity from the GH54/CBM42 family (TRIATDRAFT_81098) (Fig. 3) . In 345 this analysis, each strain presented a different set of genes with different expression levels, 346 which can be attributed to strain differences in the regulatory mechanisms of hydrolysis.
Additionally, the carbon source, which plays an important role in the production of enzymes, 348 promotes the expression of different sets of genes as the fungus seeks to adapt to new 349 environments [10]. The T. harzianum strains showed high numbers of CAZyme genes with 350 enhanced specificity for biomass degradation. 351
Among the main CAZyme classes detected in all strains, GHs were well represented, 352 with 21 genes in Th0179 and twice that in Th3844 (Fig. 1c) In comparing the two T. harzianum strains (Th0179 and Th3844), we observed that 363
Th0179 presented fewer CAZyme genes related to cellulose degradation than Th3844, with 364 lower expression levels (Fig. 3a ). However, in measuring the enzymatic activity from the 365 culture supernatants after 96 h of growth, we found that both strains had similar cellulase 366 activity profiles during growth on cellulose (Additional file 7: Fig. S3 ), suggesting greater 367 potential of Th0179 to degrade cellulose. The detected enzymatic activity is related to 368 proteins secreted into the medium by the cells, and only the most stable proteins are detected 369 in this environment [10] . It is interesting to observe which proteins found in the exoproteome 370 of Th0179 may respond to this increased cellulase activity. A similar profile was observed in 371 cellulolytic enzymes [13]: few CAZyme genes have been detected in its machinery, but it can 373 reach the highest cellulolytic activity [10, 19, 56] . 374
The identification of LPMOs as a group of enzymes that accelerate the breakdown of 375 carbohydrate polymers, such as cellulose, by oxidative cleavage has been a breakthrough in 376 lignocellulose conversion research. The supplementation of AA9 enzymes in commercial 377 cocktails improves the hydrolysis of lignocellulose; they assist cellulases in attacking 378 crystalline substrate areas, resulting in rapid and relatively complete surface degradation [19] . 379
CAZyme genes related to cellulose degradation, including endo-β-1,4-glucanases, β -380 glucosidases, and cellobiohydrolases, and CAZyme genes related to hemicellulose 381 degradation, such as endo-1,4-β-xylanases, were identified in the Th0179 transcriptome 382 under cellulose growth conditions (Table 1 ). In addition, we verified important secreted 383
CAZymes that play important roles in biomass degradation (Table 2) exoproteomes indicated that both produced many of the main CAZymes listed above; 401 however, the THAR02_05896 gene, which encodes an endo-1,4-β-xylanase protein, and the 402 THAR02_03851 gene, which encodes a protein with endo-1,4-β-mannosidase activity, were 403 not detected in the Th3844 secretome. In the present study, when these exoproteomes were 404 compared, we noticed that most of the proteins were upregulated in cellulose only for 405 Th0179, with an emphasis on the AA9/CBM1 family (THAR02_02134), showing a 2.65-fold 406 change (138.62 TPM). Among the strains, Ta0020 exhibited the lowest number of secreted 407 proteins related to cellulose and hemicellulose degradation. Thus, the exoproteome analysis 408
identified key enzymes that are fundamental for cellulose hydrolysis and act synergistically 409 for efficient plant biomass degradation. 410
The organization of the transcriptomic data into coexpression networks using graph 411 theory allowed the construction of gene interaction networks that were represented by nodes 412 connected to edges [59] . Nodes represent the genes, and the edges represent the connections 413 among these genes. Correlations are determined based on the expression level of the genes 414 pair by pair, indicating that genes spatially closer to one another are more highly correlated 415 than the genes that are farther apart. The coexpression subnetwork (Fig. 5b) revealed 416 complex, specific relationships between CAZyme genes and genes involved in the production 417 and secretion of the detected proteins and is helpful for understanding the functions and 418 regulation of genes. Networks such as this one can be used as a platform to search for target 419 genes or proteins in future studies to comprehend the synergistic relationships between genes, 420 their regulation and protein production, which is very useful information for understanding 421 the saccharification process. We identified an enriched cluster with strong correlations among 422 genes, CAZyme genes, secreted proteins and unknown genes in the cluster analysis. 423 Furthermore, through the functional annotation analysis of Th0179, we identified TFs 424 and transporters, which should be investigated in further studies to better understand the 425 mechanisms by which these genes are regulated. Most sugar transporters have yet to be 426 characterized [1] but play important roles in taking up mono-or disaccharides into fungal 427 cells after biomass degradation [1, 60] . Fungal gene expression is controlled at the 428 transcriptional level [61] , and its regulation affects the composition of enzyme mixtures; 429 accordingly, it is explored in several species because of its potential applications [62]. This 430 further emphasizes the importance of deleting and/or overexpressing TFs that regulate 431 specific genes directly involved in plant biomass degradation [61] . 432
In summary, the analyses of the enzymatic activity of cellulase, the transcriptome, the 433 exoproteome and the coexpression networks revealed important enzymes that T. harzianum 434 CBMAI-0179 uses to hydrolyze cellulose and that most likely act synergistically to 435 depolymerize polysaccharides. The results suggest great potential of this strain to degrade 436 cellulose and can contribute to the optimization of enzymatic cocktails for bioethanol 437 production. 438 439
Conclusions 440
Bioprospecting new catalytic enzymes and improving technologies for the efficient 441 enzymatic conversion of plant biomass are required for advancing biofuel production. T. 442 harzianum CBMAI-0179 is a novel potential candidate producer of plant cell wall 443 polysaccharide-degrading enzymes that can be biotechnologically exploited for plant biomass 444 degradation. The cellulase activity profile indicated high efficiency and the potential of this 445 strain for cellulose degradation. A set of highly expressed CAZymes and proteins that are species-and treatment-specific was observed in both the transcriptome and exoproteome 447 analyses. The coexpression network revealed coexpressed genes and CAZymes that act 448 synergistically to hydrolyze cellulose. In addition, the cluster analysis revealed genes with 449 strong correlations that are necessary for saccharification. Combined, these tools provide a 450 powerful approach for catalysts discovery and the selection of target genes to the 451 heterologous expression of proteins. In future studies, these tools can aid the selection of new 452 species and the optimization of the production of powerful enzymes for use in enzymatic 453 cocktails for second-generation bioethanol production. BLASTp with an e-value cutoff of 10 -10 , identity greater than 30% and queries covering 543 greater than 60% of the sequence length. 
RT-qPCR analysis 569
To verify the reliability and accuracy of the transcriptome data and validate the 570 differential expression results, reverse transcription-quantitative PCR (RT-qPCR) was performed for selected genes (Additional file 8: Table S5 ). The RNeasy Mini Kit (Qiagen) 572 was used for RNA extraction, and cDNA was synthesized using the QuantiTect Reverse 573 
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